The origin of the electrical response of vapor grown carbon nanofiber (VGCNF) + epoxy composites is investigated by studying the electrical behavior of VGCNF with resin, VGCNF with hardener and cured composites, separately. It is demonstrated that the onset of the conductivity is associated to the emergence of a weak disorder regime. It is also shown that the weak disorder regime is related to a hopping depending on the physical properties of the polymer matrix.
Introduction
Epoxy resins are known for their good-to-excellent mechanical, adhesion, chemical and heat resistance properties which, together with their low density and good processability, make them a suitable matrix for composite materials research and for an extensive range of applications [1] [2] [3] [4] . One attempt to increase their application range is to incorporate nano-scale fillers with intrinsic high electrical conductivity into the epoxy matrix. Among nanoscale modifiers, (carbon nanotubes) CNT have excellent electrical, mechanical and other [5] [6] [7] properties, among others, but vapor grown carbon nanofibers (VGCNF) shows a close performance on these properties at a lower price [8] . The electrical conductivity of single wall nanotubes (SWCNT) is higher than the electrical conductivity of VGCNF, being the former, nevertheless, much more expensive. On the other hand, only high quality multiwall carbon nanotubes have better electrical properties than VGCNF. These facts, together with the relatively easier incorporation and dispersion into polymer matrices, raised the interest in VGCNF for up-scalable solutions for composite applications [8, 9] .
One of the main questions concerning the electric properties of VGCNF with epoxy composites is their conduction mechanism. The conductivity in high aspect ratio composites is generally understood in the framework of the percolation theory [10] . The percolation theory predicts a power law relation for the conductivity:
where t is a universal critical exponent depending only on the system dimension, Φ is the volume fraction and Φ c is the critical concentration at which an infinite cluster appears. For Φ > Φ c a cluster spans the system, whereas for Φ < Φ c the spanning cluster does not exist and the system contains many small clusters. Analogous to the conductivity, the dielectric constant also follows a power law:
where the s exponent, similar to t, depends only on the system dimension.
The predictions of the excluded volume theory with respect to the critical volume fraction are not obeyed in CNT or VGCNF + polymer composites, as pointed out in recent reviews for CNT [11] and VGCNF [8] composites and in theoretical works [12] , among others. There is a large number of studies on the dielectric properties for VGCNF + polymer materials [8] . Despite previous works, nevertheless, few studies exploring the origin of the dielectric and conductivity responses have been reported. In this work, results for the dielectric constant and conductivity as a function of filler concentration for in three types of composites are reported and analyzed. VGCNF + hardener, VGCNF + resin and VGCNF + epoxy cured composite are investigated in order to provide insight on the origin of the electrical response of this and similar composite systems.
Results and discussion Figure 1 shows a typical plot of the dielectric constant versus frequency. It is observed that the dielectric constant is higher for lower values of frequency and decreases until it reaches a plateau. The higher values for the dielectric constant at lower frequencies is attributed to interfacial and space charge polarization mechanisms, due to the presence trapped ions within the matrix [13] . The behaviour of the dielectric constant shown in Figure 1 is similar for all weight fractions. In this way, in the following the values of 1 kHz are used in order to study the dependence of the dielectric constant on the volume fraction ( Figure 2 ).
As shown in Figure 2 , the dielectric constant follows an exponential law as a function of the volume fraction. In fact, for the VGCNF + hardener, VGCNF + resin and the cured composite, a Gaussian fit yields R 2 ~ 0,9. This fact demonstrates that the power law predicted by Equation (2) is not obeyed. It is also interesting to observe the exponential behavior for the three types of composites, showing the dominant role of the inclusion of VGCNFs in the electrical macroscopic response of the composites. A recent work demonstrates that the dielectric constant for isotropic composites CNT + polymer is due to the formation of a capacitor network [14] , explaining the deviation from the percolation theory. The nano-capacitors responsible for the electrical response are formed by the conductive fillers acting as the capacitor plates and the epoxy matrix as the dielectric material between them. In Figure 2 , the origin of the larger dielectric constant in the VGCNF + hardener and VGCNF + resin with respect to the cured composite lies in their physical state: as the hardener and resin composites are in the liquid state, they show a higher polarizability. The following relation for isotropic composites has been derived [15] for the critical filler volume concentration, which is also similar to the predictions of [16] :
where D is the fiber diameter, L the fiber length and δ max the maximum value for the fiber minimum distance related to conduction mechanism (hopping) between fibers.
The results presented in Figure 3 can be explained by a formation of a giant component implying that an infinite Bethe lattice is formed [17] . Also in Figure 3 , there is a critical volume fraction, defined as the maximum volume fraction where the conductivity does not change. Below this critical value the conductivity behaves almost independent of the volume fraction for the resin and hardener composites, the critical concentration corresponding to 0.5 wt%. As demonstrated in [15] the conductivity for these high aspect ratio composites is related to the formation of a random network that in the thermodynamic limit is a Bethe lattice. The conductance is related to the formation of an optimal path length controlled only by a disorder parameter for VGCNF + polymeric composites. In this so called weak disorder limit, almost all links contribute to the total conductivity of the optimal path and in the strong disorder limit only one link weight dominates the sum of the weights along the optimal path [18] .
In the weak disorder regime a log-linear relation (Figure 3 ) is observed [16] . On the other hand, a strong disorder regime is characterized by conductivity independent of the volume fraction. So, from [15] , it is known that ( )
where G eff is the effective conductance, G cut the effective conductance of the system before a bond with maximum conductance is added to the system, b the volume of the domain divided by the volume of the filler, and a the disorder parameter that controls the broadness of the distribution of linked weights. Equation (4) is similar to the expression of single tunnel junction [19] :
where
, m is the mass of the charge carriers , d is the barrier width and V(T) is the temperature dependent barrier height [20] . Assuming a random distribution of the particles, it was previously demonstrated that d ~ Φ -1/3 [21] .
With respect to VGCNF + epoxy composites, it was found that the main mechanism of electrical conduction was tunnelling [22] . From Figure 3 , it can be observed that for some critical volume fraction the conductivity follows Equation 5 for the three composites. These results can be explained by the formation of a conductive network. Above some critical volume fraction, a giant component (a cluster of interconnected fillers, not necessary in physical contact, which spans the volume) appears and a change in the conduction mechanism is observed ( Figure 3 ). The initial strong disorder regime, where only one conductive link rules the conduction, is transformed to a weak disorder one where all the conductive links contribute to conduction [15] . Moreover, the conductivity of the cured composite is similar to the VGCNF + resin in the strong disorder regime. This indicates that the resin is responsible for the conductivity before the filler network is formed, determining the cured composite conductivity. After the network formation has occurred, it can be seen that the conductivity of the cured composite is similar to that of VGCNF + hardener for the initial volume fractions (Figure 3 ).
Experimental part
The materials used were VGCNF, epoxy resin and the corresponding hardener. The VGCNF were Pyrograf III TM , PR-19-LHT-XT, provided by Applied Sciences, Inc (Cedarville, OH), density of 1.95 g/cm 3 . The epoxy resin was the low-viscous Epikote TM Resin 862, density of 1.17 g/cm 3 , supplied by Resolution Performance Products. The hardener was the Epikure 100 Curative, density of 1.022 g/cm 3 , manufactured by Albemarle Corporation. Eight different concentrations of VGCNF in the epoxy resin and hardener were prepared varying from 0 to 3.0 wt% by mixing a blender during two minutes [23] . The resin and hardener neat samples have a conductivity of 3.0E-10 S/cm and 1.9 E-11 S/cm. The cured neat samples have a conductivity of 8.6 E-11 S/cm. The correspondence between the volume fractions and weight fraction for all the composites is presented in Table 1 . The capacity, C, and loss factor, tan δ, were measured by placing the samples between two 25 mm diameter plates connected to an automatic Quadtech 1929 Precision LCR meter. The electrode distance was fixed to 1mm and the samples completely filled the volume between the electrode plates. Dielectric measurements were performed at room temperature at a 0.5 V signal and nine frequencies from 500 Hz to 1000 kHz.
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Conclusions
It has been demonstrated that for the three types of studied nanocomposites leading to the preparation of VGCNF + epoxy nanocomposites (VGCNF + resin, VGCNF + hardener and cured composites) the main conduction mechanism is related to the formation of a capacitor network and the emergence of a weak disorder regime. This network is the main responsible for the electrical response, being the hopping conduction mechanism also dependent on the on the polymer matrix characteristics.
